AO-A 130 674 NOVEL TRANSPORT AND RECOMBINATION PROCESSES IN 

SEMICONDUCTORS!!^ ‘CAMBRIDGE UNIV (ENGLAND) CAVENDISH 
LAB M PEPPER MAR 83 DAJA37-82-C-0181 


1/1 


UNCLASSIFIED 


F/G 20/12 


NL 
























MICROCOPY RESOLUTION TEST 

NATIONAL BliWIAli i f .-TANfAiv; 

















one FILE COPY 



k. piipprr 


IIAKCI! 1 c A'l 


pipe ta:/n i : orriCL 

Vru tod SI era. Army 


London 


England 


CONTRACT N’JNirCR 1VU.A37-C2-C--01 Or. 


CR: Covendish Laboratory 
Department of Physics 
L'nivorsJtv of Cambridge. 
Cambric 1 , go 

ci;3 oiii-. 

u.K. 

G«py available to DTIC does not 
fully legible 


v JUL 2 6 1983 

u ' , i 

<==^f A 


Approved for Public Release : distribution unliuitcd 


83 07 26 187 



DISCLAIMER NOTICE 


THIS DOCUMENT IS BEST QUALITY 
PRACTICABLE. THE COPY FURNISHED 
TO DTIC CONTAINED A SIGNIFICANT 
NUMBER OF PAGES WHICH DO NOT 
REPRODUCE LEGIBLY. 







I 


A MS'i'MACT 

This report contain:-, descriptions of. our work on two dimension;)] 
transputt in Pi and Ini’ devi cc.r. and spin dependent recombination in Si 
gat o control led p n junction::. The t wo dimensional work covers our 
invest ignt i onr. of t! ■ quant nut II. ill effect where, we find that the effect 
is basically d.c. rad can be measured by the application of n finite 

frequency. The cause of this effect is discussed in terms of a 

delocalisation of electrons in the tails of Landau levels. The 
experiment s indicate that localisation in the fails of Landau le vels is 
caused by both diso)dor and the electron-electron interaction. Another 
aspi cl of the clcetron-e) c.ct run interaction which has been investigated 
is the oscillatory conductar.ee in inversion layers when charge is present 
at the f'- J.—S10 ^ in'-erf ace. It: is supported that Coulo;:b effects pivc 
rise to a contribution to the activation energy which oscillates with 
carrier concent ration. Other topics in two dimensions which are discussed 
include the role of spin-orbit coupling in transport in the InP inversion 
layer and an investigation of the scaling theory of conduction. ,Tn tb.is 
latter topic it. i s concluded that a one parameter sealing function does 
not exist. The existence of the; weak ?.l) localisation has also al 1 owed an 

invc.su* gat ion of the rate of energy loss of hot electrons in Ri inversion 

layers. 


The other topic discussed is spin dependent recombination in Si gate 
controlled p-n junctions. The signal is found to be independent of frequeu 
as suggested by theoretical models. We have also found a spin dependent 
generation signal of the same magnitude as the recombination signal. At 
present we do not have a theoretical model for this effect, future work 
will include both experiments and an attempt to produce a model accounting 
for both spin dependent recombination and generation. 






1. 


1. TK TRODUCT JON 

In tliis, first, report wo present results of our 
investigations into various aspects of two dimensional transport and 
spin dependent recombination. The two dimensional work lias been 
published and the papers are attached as an appendix, thus the main 
part, of this report will only contain short summaries of the papers. 

A fuller description of the work on spin dependent recombination is 
given, fork on the ballistic injection of electrons is now at the 
stage of producing results but there, is nothing suitable, at present, 
for incorporation in the report. 

2. TWO D jiri'KSTO'lA'I, TRAh STOTT 

(a) The Vigner glass and conductance oscillations in silicon 

inversion layers. 

Vic show that on changing the nature of the background random 
potential the inversion layer of the Si MOSFKT exhibits the 
conductance oscillations previously observed in both GaAs, the 
source and drain regions of Si MOSTETs and KOSTETs with a very 
high concentration of Ka + ions at the Si-SiO^ interface. 

Measurements of the temperature dependence of conductance show 
f- that oscillations are found when conductance is by an excitation 

process as well as hopping. The oscillations arise from an 
oscillating activation energy which is due to either an oscillating, 
interaction contribution to the activation energy, or a negative 
effective density of states at certain values of carrier 
concentration. This appears due to electron ordering in a 

/ 

small current limiting region and is contrasted with the case 

where the oscillations are absent, although localisation is due 

to both background disorder and the random field of localised 

electrons. It is shown that near the transition, localisation 

is due almost entirely to the random field of the localised 1 

electrons, and the system is a strongly interacting Fermi glass 

(or Wigncr glass), even though the oscillations are not apparent, j 

' i 


! 





Electron localisation and flic 2D quantised Hall resistance 

Using Si. inversion layers wo have investigated the plateau 
of quantised Hall resistance appearing when the Ecrmi energy 
Ej, is between the spin parallel and spin anti-parallel states 
of the ground Landau level. When states below Ep are. localised, 
indicated by a temperature-dependent a throughout the level, 
a plateau is not formed; subsequent delocalisation of states 
near the centre of the level results in the appearance of the 
plateau. The delocalisation can he achieved by an increase in 
temperature, or the application of a substrate bias, and the 
case of this process indicates that the degree of localisation, 
when present, is weal;. Under these circumstances the localisafi.oi 
is long range, and can be interpreted as the absence of a 
continuous extended path through the specimen. 

Measurements under AC conditions result in the appearance of a 
plateau with increasing frequency when one is not apparent: at. DC. 
This is discussed in terms of the localisation length, and it is 
suggested that electrons behave as if delocalised when the 
frequency is sucli that the drift length is less than the 
localisation length. 


The behaviour of p throughout the ground Landau level lias been 

analysed and it is shown that a * normal' Hall effect is not 

obtained from extended states at the centre of the level. This 

is in agreement with theories which suggest that the extended 

state c compensates for the presence of localised states in the 

tail of the level. It is found that when extended states are 

present in the second level (Of -) they not: only compensate for 

the localised states in this level but also compensate for the 

bottom level (01 +) which is entirely localised. On the other 

hand, when states near the centre of the level arc localised, 

and a plateau is not found, the results indicate that weakly 

localised carriers contribute normally to the Hall effect. The 

absence of any effect of the weak localisation on a is the same 

xy 

as has been found for weak, non-magnetic localisation in both two 
and three dimensions. 








Spin-orbi 1 coupling and weak localisation in lla- 2D inversion 
layer of Indium Phosphide 

We report men.-.uremonts of the liingnctoresi stance (*!?.) of the 2D 
inversion layer of an TnP KOSL'KT in the temperature range 
T ; = A.2 ->0.3!l. For k^.l > 5 vc. observe positive MR at low 
magnetic fiilds B < 0.015 T and negative lilt at higher values 
of B. We attribute this behaviour to the presence of strong 
spin-orbit coupling which at B - 0 reduces the magnitude of 
the weak localisation. As B is increased, the spin-orl it 
interaction in progressively quenched, leading to a positive 
MR which eventually turns over into negative Mil as the time 
reversal symmetry of the quantum interference (woek localisation) 
is destroyed. Our results can be qualitatively explained but 
precise agreement could not be obtained in the regime where the 
spin-orbit effect, was dominant. 

Analysis of the negative mngnctorcsistanco has allowed us to 

observe the role of electron-electron scattering which can be 

2 

expressed as two terms varying with temperatures as T and T . 

The results do not support a suggestion that the. T term can be 
expressed ns Tln(Tp/T) where Tp is a constant. 

An experimental test of the scaling theory of conduction in 
two dimensions 

The. scaling theory of conduction has created much interest in 
the problem of conduction in a disordered system. Basic to this 
theory is the assumption that a one-parameter scaling function 
exists. An experimental test of ibis is presented for two- 
dimensional transport in silicon inversion layers. The results 
arc found to be inconsistent with sue!) an assumption and wo 
conclude that the function docs not exist. 




Energy loss rate in silicon inversion layers 

We report the re rail tr; of measurements on the rale of heat 
loss from hot electrons in silicon inversion layer.*; at low 
tempera!ures. The results are interpreted in terms of the 
generation of acoustic phonons and it is found that disorder 
has a significant effect on this mechanism. Tn the low-disorder, 

high-temperature limit the. energy relaxation time T varies 

. -4 L . 

with electron temeprature T as T . In the lu gh-djsorder, 

c e -2 

low-temperature limit t varies as T . The electron 
1 c c 

temperature is measured hy the effect on the wcaT: t;wo--dimensi or .a 1. 
localisation which allows the experiment to he performed at low 
tempera lures. 

Loss of dimensionality, localisation and conductance oscillations 
in n-t.ype GaAs l'ETs 

. • 

We present new results for the transition from 3 dimensional ('J:',) 
conduction to 2D conduction in a GaAs FET. Ky applying a r.vjgnet i 
field, 15, it is possible to observe 2 metal-insul at or tr ansi tic ne¬ 
at lov; temperatures by (a) suppression of weak localisation at le 
15 returning the system to metallic conduction and (b) shrinking e 
the donor wavcfunc.l ions at hig.li J! local ising states at the. Fermi 
energy. Magnetoresistance has been measured over 4 decades of B 
and for temperatures between 4.2 and 1.2 K, the results being in 
satisfactory agreement with current theories of localisation in 
2D and 3D. We also present new conclusions for the anomalous 
oscillations in conductance with applied gate bias observed in 
most GaAs FETs at lov/ temperatures. The strength of the 
oscillations is related to the quality of the FET, being predom'n 
in commercial microwave GaAs FETs. 





(ft) Klectron localisation ami the quantized llall resistance in 
silicon inversion layers 

Ur have investi j-ated the formation of the plateau of quantized 
llall resistance! in the spin split minimum and the lowest valley 
split minimum of the ground Landau level of (100) Si inversion 
layers. The results in the spin gap are explained by a model 
based on Anderson localisation in .strong magnetic fields and on 
the existence of long, rnnfto potential fluctuations. The bohaviou 
of p in the second, spin up, higher valley, level is discussed 
in relation to the compensation effect suggested in recent 
theories. Application of a field of 25 Tesla resulted in the 
delocalisation of electrons in the lowest valley level and the 
appearance cf the plateau of quantized llall resistance in the* 
lowest valley gap. 


( 






3. SPIN Dl'TF.HDENT KKCOMIVf NATION (SDR) IN TRRADIATFD GATE CORTROl.l.rO 


p-n DIODES 


The SKinl 1 hies foiwnrd current through a p'ii diode (Fig 1) is dceni 

by the recombi net i on of electron-hole pairs in the depletion region. 

With larger bias (> 10.30V) the current is dominated more by the 

diffusion current, contribution. In these experiments a circular gate 

controlled diode is placed in a magnetic field and the recombination 

current is enhanced by an amount AI v:hon microwaves at 8.44 0!lz are 

applied and resonance is established. The enhancement is tv.easined as 

a first derivative of current, by phase-sensit ive detection, at the 

frequency of modulation of the magnetic field. The magnetic field is 

swept: slowly, and the spin-dependent enhancement occurs at about. 3300b. 

3 

The enhancement i.s a factor of up to 1 part in 10 , and is of opposite 
phase to the first derivative of a degradation of current, obtained by 
placing a microwave absorber, Dl’Pll, in the cavity. DPl’ll reduces the. 
mifYowavc field when it: is at: resonance so that part of the. forward 
biasing from the microwave field is reduced and we see an absorption 
derivative of opposite phase to the SDR enhancement. (Fig 2) 


The fractional enhancement of current is 


AI 


Hecomb 


The fraction of 


I that is recombination current: is 


Recomb 


^ Rec.omb + *diff 


, thus Lhe magnitude 


of the change decreases as the bias (V) increases and the diffusion 
current increases more rapidly than the recombination current. 






The recombination current varies as exp(oV/ykT) where in theory 
Y = 2 but: experimentally is found to be 1.6. The diffusion current varies 
as cxp(eV/kT), thus the ratio of recombination to diffusion, current varies 
as exp{(eV/kT)(1/y - 1)}, i.e. decreasing with increasing V. 

This predicts that •— falls off exponentially with bias, a relation 
which was found and is shown in figure 3. Variation of the gate voltage 
changes the geometry of the depletion region, giving different proportions 
of recombination and diffusion current, i.e. different y and pro-exponent:' 
factors. By the application of a suitable gate voltage the depletion regf 
can be extended under the gate to include the. bi-SiCL interface, so that 
radiation-induced surface recombination centres contribute to the current. 
In our experiments we first investigated the dependence of surface 
recombination on the gate voltage. The devices were formed on the (100) 

Si surface and recombination centres were produced by irradiation with 
20ke.V electrons. This treatment produced a maximum in the record ination 
current just before inversion of then type Si. The irradiation increased 
the inversion voltage from about zero to - -20 volts. The SDR signal was 
then investigated and the g value was found to be 2.008 ± 0.002. Present 
experiments are investigating in detail the dependence of the magnitude 
of the signal cn gate voltage. 

Spin Dependent Ce nora t ion (SDC) 

At negative bias voltages (< -5.0V) the reverse current of the p^n 
gate controlled diode is dominated by the generation of electron-hole 
pairs in the. depletion region. As with recombination, the gate voltage 
can be adjusted to include Si-SiO^ surface centres in the depletion region 





The negative generation current, is enhanced by the same microwave 
field and magnetic field that enhanced the forward recombination current. 
(Fig A) 

The. SUG signal luis opposite phase to the SOU signal since it. is an 
enhancement, of a negative current - DJ’J’Jl degradation of the generation 

current is of opposite phase, to Dl’DU degradation of rcccmbinetion current 

A 

The size of the enhancement is about 5 parts in 10 (sir.liar to the SDH 
enhancement). The g value and line width of the SDG and SDR signal s rr<» 
the same, indicating that the: same type of reec- .ihination-ge.ncvat ion cent? 
is responsible for both signals. (g « 2.003-0.002). Me arc presently 
at tempting to construct a model accounting for this surprising finding. 

The effect of illumination was investigated by shining light frc>:.’. 

a bulb mounted near the sample. A dark forward current of +2 x 10 

f 

can be reduced, and made negative, by light-generated carriers, but the 
SDK signal is-unaffected. Thus the number of carriers available docs not 
limit the SDR signal, nor does band to band generation. 


B-Field Depe nd c nee 

By using different microwave frequencies, the B-fiel.d for spin 
resonance can be altered. The size of the signal is the same at 25000 
(with a microwave frequency of 7Gllz) and at A220G (12GHz), supporting 
the field-independent model of Kaplan, Solomon and Mott. ^ 1 * K! 1 ir,i ‘ 
of writing a signal has just been observed at 1.55 Cuss (corresponding, to 
a frequency of AA0 MHz) of the same size as that at higher frequencies. 
Work is continuing on this topic. 





rUBl/1 CATIONS supported by i:lii *1 contract whose abst 1 acts are reproduced 
in Secti on 2 . 

a) Tin; l.’igner glass and conduct anco. oscillations in silicon 
inversion layers: M. Popper and M.J. Uren, J I’liyn C 15 1,617, 1982 

b) Klee;run localisation and the 21) quantised Hall resistance: 

M. Pepper and J. Wakahayashi., J Phys C 15, 1861 , 1952 

c) Spin-orbit coupling and weak localisation in t he 21) inversion 
layer of Indio:.! Phosphide: D.A. Poole, M. Pepper and A. llughos, 

J Phys 21, k 1137, 1982 

d) An erporJvantal test of t In. seal i ng t heory of conduction in tv o 
dii nns: K.A. Davis, H. Popper and 11. Kaveh, J Phys C 15, 

1.9 S'., 1981 

e) liner,"y ions rate in silicon inversion layers: 11.C. Payne, 

R.A. P..ies, J.C. Ink son and M. Pepper, J Phyr, C _l_k, 1,291, 1983 

f) 1 .•<>.«:of d Jr.russ i c>nal i t y, 1 oeal i sat ion and conduct ar.ee oscillations 

. in n type G: As PETs: D.A. Poole, 15. Pepper and P.V. 1-ly rev., 

Physic a 1171), 697, 1933 

g) Electron localisation and the quantised Pall resistance in silicon, 
inversion layers: J. Wakabaynshi, H.V. Myron and M. Pepper, 

Thysica 11 71), 691, 1983 







work. 


l’l'j'.urc C.'iiil ijiiis 

1. The p + n pate controlled diode 11 c • tl in this 

2. The .SI);' i ;,ir;l AI is pi o t ! e<! ;i.‘; :: fraction T the D. 0. 

cunwil 1^ np.ainsl 1^ A;; T imreJro s wit;; 

i nerc;;;-. 1 up bias so th;; SDK coniributi on decreases. 

3. An ox.T.r.f'l <• of an SI.’K 'np/.nsl with l he IH’JT. signal used 
for calibratin'; the twe.n^t i c field. The; janyr. i X v.de of 
t Ik Dl’i'i; signal has be e n reduced. 

l\. An example of the Sue: signal, a<; v.i t.h Figure 3 the 
nafinilude of the 1)1TH signal has been reduced. 
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U . .'iis.era 11 •>. 


Jt is now known that at finite tcmpcintiucs there etc conditions to t!w J.toli/mnun 
fornnil.it ion of the tv. o dimensional (’I >1 metallic conductance. Th.sc cot; ections ;.i f.e 
from the weak localisation of all states in 21) (Abrahams ct cl 1 4 >79. Ciot kov ct ul 1979, 
I layilock 1901,11 on j;l it on if ul 1 1 Ka\ eli and Mott 1 VS]), and cat we the condo. in nee 
of a 21) system in the ‘metallic’ ramie to vary as a nowet o f temperature (I).-,v ies and 
Pepper 19X2). An appto.'.imaiion to the powei law, wliwli is it eiisti:t1 -1c from it for 
small chanpes, is the now well know n lopatithmic eon ec iion (|)olan and Odieioi197'), 
Hisliop i t a! 19,'so, If run ct a! 19S0. Uicn da! I9SJa. b, Kavi'li d i I P'Si, P.iv.’esc/ a! 
1981). It was fust shown by Urcn d ul that interaction effects which pive a similar 
correction can he sepaiated by the effect of a mapnetie field. 1 lowesei, in Si ins ersioti 
layers the interne lion contribution is only sie.nilieant in the piesenee of a mapnclic field 
and the principal ineelianism determinin'', the collection is that i>f weal; localisation. 
This type of interaction elfeet is only piesent in the metallic lcpimc and is not minted to 
the effects discussed here. 

Recent findini’.s on the eoirections do not entirely chance the conclusions of earlier 
work on the tiansition between activated and metallic conduction (Mott <7 ul 1975). I he 

§ Now .if 1!JM \VitlM»n f\csc;irrh C'cnlir. Yoiktow 11 I Ii if’lils. Now Voik, l'S \. 

0022-27 19.V2/700M7 -t 09 $.01.50 <G) 19X2 The Institute of Physics 1017 
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Lattes to the editor 



piill.'ipal ililfoieillV is that tin.' mobility eilpe /.', is i; nv seen ;i . ;t lo. .hsation v 
sep.iia!i,h*. stales v. Iiieh full away • • \(m> m-nIi.i 11 \ fiom !hose wliieli .In ,:v .1 powei l.r.v 

(Kavi-li ami Mott I’ISI ). (Applicate*i» ol a mar.iieiir lid.I siipj-i 1 •. tin- | > *v.. i 1 ,u 

loi-.tJis: ti.'i 1 .mil 1 uni- !\ bark into a mobility nlpr.) li. Ibis I rttei e v. > 11 1 v 1 ■ mm si.-. i 
aspeehot In. a lisa I ion where I hr i on i\ t a .as lo met ■.!■ io li anspoi I ai r ;.i ■’ i. lex V. . . a 
the I V1 mi etteir.v, /.j, is Is-low /• , ihei e ai e two pat.ilk 1 1:: ihoils ol 1 ■ Mali•. lion. 

(i) b.M itaiii'ii to l\ \ 'lii'ii tlir I'onJij, t.nuv is p.iven by o «v .. i-\p( Will. 

|/',' k ■ / 1 j an.! 1 is tlv VO mitiinntdi 1 letalli.. lotuki.ia i. .■ ( 1.1 < pi :• Id ' il ') :ha 
po'sihi - 1 tk'i e.'t.lediv of i \,,, on the h i ia i>! ii 1.■ point, a! i. iliscns-...! b\ p; .a j 1 '). 

'1 hr 1O11 ret ion to i*.v. 111.!; is o. t. i aiiaro h'V tin' i-i. ia -.hilu-.i.- a I." • a .el.. 1' . . 

at a till ah. iv i- /•' . v.'il! hr s; 11. i ’ 1 when / ] l \ as tin »!»::• Von lnn".h v. ,'! h.- (I ) i, j 1 . /) 
an.! it Ivin..-, the ilii.a iviti an .1 lih time ul (le.lioiis ■; / . If tv- e!n ia.:> deei:on 
sea! let tine is.-!."* !<•! than j, then this will Gem 1: tin-1!:.' • t!-.'- ',’t In;, til. 

(ii) '! 1 1.' 1 .a ; ,.t •• lioppia;' old . aois Ivtv.i. a !. >e.ile-c.l s',. In 7 I) c \ •: -s 

asesp (i’oii'tiili! 7 ■ las'll-. le ape. ate; e i ■ led \ Vasiu.h i'.i-.: 4 i piopie-siv . !\ 

iliv.nii’.:ti s over i''.i i'.1 •.h•: 1 to 

1 iifot m it ion aboti! the 1 tensity o! lo. ah.e.i stale' e.:a ha ol'tai: a.! . rail si - 0: ’.hr 

ilepetto it. -a of U‘ oa e ■ 1 • i.*» eotua ntiao*,) I he tl.ioiti «••! s!. : ;es .'a. \\ ! , 1. is 

-- ib; .ill’, a;,,! ait.tlv • is 1 ■! e\p a in. lit a! I’ata shows lit. ;. it t::a told ol lo..>! r.l 

elation-. is lass that. > 1 ('‘ tin . V{/'. > is;.hi..\> !•• ■ t’t. it ;h. h. . 1 l.etion \ .. 

At ii .. A’i J ) ) is in tin. 1. <I• > ,\\ 1 1 . to C.Va \ 1\ , . I: 1. i. hr l.ai tb.ai 

1 ( 1 " nil ' the value o' ) oh: ah ol h.an the at.', is Iv.vn . hv he: that the 

impart tub., I ', aide. I i.is eai.iio; be eot ire! an.! v ... in: : p,. ti d . . s! . a eta i! .1 / , is 
iisin|;:'s/‘| iitetshiseslve.iese the i.m.!'!'>• l-lol th. 1 " .!• la. ti.a- ;• iiset; ineie. tny 

loca!!s::!io:t (iVppei h 1 '. !) ! vrinp!. • o! tl:e ; i '.- 1 . . • on :a ‘>!> !t.t\e 1 , it 

pivetl by Mott ()'»?»). !l the ,0!. o' li a ha. I.iotin ’ Vi- i- s. !! ..;e,l ilia 

Ittmloni lialil of tha e\t; a elai lions tl.a sss;, m a.at -.1 . . a V. 1.. • ; lass. ! \ , 

Wipi'cr {’.lass v.v mean .. 1 . t:.t : el.iss !>. u- 1 i,a ih .e.l. •. ia-.h i.v. '■ tin . le. .. 
is neatly but not etilit-. Iv eat • .1 In oil : 1 tt app .1 el.-i noi-..: s.k > u n V ' .\ Mott (j. 
We now pile litim. li'a! e\ i-.l.'i.i 1 thn th. 1:11 i t a.m ; • 1.1 }..■!• h .. I. of 1 lee'.t on 
loealisalio!) is a NN’iriaa ; ! • .s ;,t low temp. ; a!me . 

’J’lie tel ape I a! nil il.j e it, lain r o! e.'isln. 1. :.ie of ,.n I ■ 1 v 1 a m I a.. : \ ,tli .1 lii.tit !. \ a! 
of inti i fa. ial 1 l;,n; e ( ? '• It ! 1 1 i ll n 1'. ' . i.r ) Ii a b. 1 itia. sini .1 !h, t.-n:pa:a'. 

ranpe-hi! K ( 1.3 K.'I In- aa. iivationen, ty.y in the h j'.mv \ I., u ..v.,!t:.1 In i \.1 >;t 
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Previous in vest bullions of the u nm-por! propel i ics of dictions in a two i. ■: al 

shee t in CiaAs show eel that whet, the enn ier- ueic localised the i on In. i.uve <»s,i ,! ; !•. J 
as a function of earlier concentration (Pepper iV7‘>). In this v.m!, the o- ii!.i::,s 
occurred when tire tMsi.iticc bet ween electrons was a multiple of a 1i::'d.n:.ciit.:l disi.,n;'o. 
indicatin'’, the election interaction as a cause. (Mote i > cent tun!. ( Kit- In. n .mdT<*v. us-, nd 
1982, Poole ami Pepper 1982) indicates that the separation of the ininima in the oscil¬ 
lations can be linear with cairiei concentration.) As this hchaviom was in the ici'inK of 
Stroup, localisation it appeared implicit that it arose ft out the contiibutinn of tile 
electron electron couti ibulion to the activation onei es, hoi in’, a maximum v. In n 1 1• c 
elections are most ordeicd. 1 lov.ever, it was not ele.n w in elections would attempt to 
order at eeitain values of eariiei concentrations w lien the buckpiound potenii.il mo e 
fiom randomly distii lulled donois. Recently Onllnca-ai ( !9S2) lias attempted to u move 
this problem of Ilk background by pioposin:' that the ordei ini’ arm fiom the diclcctt ie 
properties of localised electrons. On this model a whole series of older disordei tian- 
sitions occurs as the can ier concent i at ion is alleied, alliiouph. because of the existence 
of the random donoi lield. the oulcied state wiil be a j'las^ lathei than a lattice. 

Conductance oscillations have al.o been obseived when conduction is in the accu- 
tmilated sin face of the source and diain icpions of Si musii is, and very weald)' in 
invetsion layers when a very liipli eoneentiation ol No* was piesent at the Si SiO, 
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intc rfat c (IVppei cl at 197°). Si s net me in the diffeu-nlial of conductance icpoi led earlier 
may have a t-imilai origin (1 ; aa and llowaid 1*765, Pol!itl < ! a! 1976, Tidey ct id 1974, 
Cole cl id ) v >76). We now discuss the maun, i in whirl) pionouncod oscillations can be 
induced in the inversion l.o,er l>\ varyiiie, tin' fotm of the bach mound potenti..!. 

’l'he specimens us-, d in this t. spat intent wet e originally dcsTucd tor invcstip.'-iinp the 
tiansition fiom two to one dimensions, which will occur when the invetsion layei is 



1. Sch.';v...iis tbon of the ctovirc ini!i.d!y .i Im i?.o cn • .?n;iwn*:• »:i^I 

o.jViiMVuts ;.:i-i cwd in this v.oik. 

narrowed from the sides (Pepper , I'owl.: .7 «/ 19S7). as in lie.ded in In me I. The 
su'esii ate is n-!\p.' (in this ins;an. e (100) oiiei.taiien), and tS r? channel i ■ n;a tov cd by 
applyit-y a n:\a':-c Has to the p* un-ions. Alternatively . tin- . <;s u p' lemons 

cam he diffused re tors into the channel to p.i\e a cepim; ; t: J-. nt: this v ill cause the 
inveision layer iniiially torn; n in a line. The specimens r>.-I h tins v,o;h la-.!. lic.htiy 
doped p-ivpc l.iyet at the s'lilYscc and there was no cvh'-rue foi the e' istettre of ;» 
piadient in t !te doping. Sonu specimens showed sli nature o! the t\ p. sh.--v t in h.-m e 2; 
the oscillations * on!:! he moved l*y the rpphe. tiott of a s-.-,an- late-. i.:.h\:.ti;:r. that 
they oiipina.ted in the channel. Tit it: result slaw.- that tire pte. ciko of impurity cent res 
in the. channel, cl.nmrin;: the nature of the 1-ce il.-.iua held, can induce the oscillations in 
the same way as impurity centres in the source ami drain accas.mlaiiosi layei;.. V-'e also 
found tlpal stionp. oscillations could be induced in a device, v Itich Itad r--.t piesiously 
exhibited the effect, by n\.dam Itinp the ii'p junations at K . ’) he hi cal.down tesuited 




J i.’.uiv 2. The o..'illations in transLonJnci uicc, «ts i \ fi:iidt*>n of bias, in the 

devices. The tcinpc!;;turc was 1.2 K and \\ { , was 1.35* inV. 
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altocil the dependence on the fate v<7.arc of 1 !u- 1 >... illations, ronfn mine. that limy weic 
cause*! by elections in tin- iii'.cmion lav.-t. As expected, 11 . sti in. line slim neiicd with 
decreasim' tcni|'ci.::mc and rev. oscillations appealed (,Vmre •!); fin i x.unplc, the 
feat me*. iJentiln d ;ss 6 and 7 in li;m,c ■' \u re a ‘shoulder until limy split into a maximum 
;t ml a minimum bein'.’. .IK. Since ti.e activation cnci py v. as d...‘ me\' the 1 evolution 



7 1 IK A 

rij'.iuc f». Dri.iilcil Ivinpci.iitiu' tli'p^nJciKv of cun:!iKt:iiWc of th.» structuio shown in 
figure -t; l!u* |. r.-tion of tfw IV;mi on»*ij:y I- iinfu.ik il in t*u* r.i;v»lvis (1,2. . . 7) in I:: tno 
4, \' S j. 0.) mV. 1 he .uiivdli ui t r ’rpu’s n;»- iiuln.itcj foi tin* inaxiiv.j 1 , 4. ft ami minima 

2, 3, .*» ftsul 7. C iohNO cU iu';e maxima; eiule:. denote minima. 


was clearly due to the absence of theriual smearin'!. Incrcasinr. the f ate \oliace caused 
the oscillations to disappear when the coihIik lance became louphiy ir.de pendent of 
temperature (the 717 localisation and interaction collections weic not invcstif.alei! 
in this wot It). I he detailed temperature depemlenee of the oscillations ill fifiire <1 is 
shown in lipute f>. As seen, at the liipher lempeiatuies the tesults lit the law o : 
<HiCX|>(" WtkT), regardless of whetlier a is a maximum or minimum. At low 
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temp'd atuies the points leave tin* cxliapolaleel pi;>i in the maimer erhserwd v lifii 
‘hoj ping' dclctmin. s lh:‘ conelustancc. The scanet t’f j'.*ints ami initial inciea-..' of 
eomhiciam r in the icgime- i'. not mm but i, icpioducibie and i ako feume! for 
oscillalions in (iaAs, is the very v.v.i!. dcpdidcme mi temper at me at the Invest 
lempci.lines. 

It is sti i: in;; (liat tile behaviour »» • <\, c.xp( W 7. 7 ) is ielemic.d 1.' I hat f« in 
comviiibn.i! inver-ion layers, except tli.il in the Idier cave I?' m vi . ; >■ s 'mo.e'dv 
with itnnvasinj; n ana <> 0 e>,.( U.l c a). (A local maximum in ..cei'catim in-."; y 

due to Kit 1 impai'nics e.ceius when condiVlion is I", hopping ; it.I mt l>v i w 
(I larIstcin. an.I Fowler I'H'S)). We can expiate will: i',,... il tie a .g d j . ;ti v ( cl the 
cnncnl 1'iniiiii;'. lcpion i. (I. I. In o,dci to invest i: .ate tl.i-. i ■. ■ ion, io v; i.-li i.-- m s -.he 
dominant pattiem ol the injected oxide chaipc, th Shinmb.;". dc li.ias cucct v as 
me.trine.!. The tlucslio! : toha.'.n ioiiial fiom the me..'clients ol the Mine:.' 1 ,,., ; v> 
linns o.a'illntions had toe pie-nvalam be value, in,'; .a : u ; . tie; a ,‘v a small !-*•: d of 
the clic.titiel was affected by the oxide eianp.e and there le v Inniti d the cut k-p.i. '1s, 
this lesnll M'j'poits the vie'.v that the aspect mtio o' tile eii'len; la. him; regie'. is 
considerably neater than that of the ek vice (0.. r.d the value of (M leijtii'e ’ to 
Ct|li;-ie <v will; is l'o| unreason.:bk‘. 

If the oscillating a. Ovation ene; :;\ we re e;;l\ oh .creed in the la p; le.Jnte. th. n 
ti mi iV.lv t ol explanations based on an p.eill.ilirp ekT.snx ol si au s v.v-; hi be po la. 
This type if behaviour eotild at is.* font one efitp i. ■n.d b.!i. \h-." o. p. nd, id on 
tsspeei. of tiansp.n 1 . 1 loivet e:, the oscillating hch.o ion <•! an exe....e e eneii.vearn ot 
be oxp'a-t.ictl without Is I. I erne to the Coulomb pop (ot (do ,do mb cm:: ib'.iti >:; to the 
;te fixation energy). and up, a us ielated to the e.nliet t. ••*.:!; of a Conloiaii e'omt.huron 
to/.', /■) (i\ j'pe: chit I'lte o’‘set vali. <n of the o.-ci!!..t ions ;.i lo'.ve; lempet: In: s 

in (>a.\s (I’oole and IVppct 1 -d to be puhh 'll. d) x.l'wic eondneikit! is by hop;- up 
shows that tile same in let action is pie: cut. The eh.ua a in the a.e'iv. tio-i enc; e.v v.hlch 
ocettrs on going, fiont oduclar.ee maximum to mit.immn is alv ;.v; gi eater th:>” the 
change in i /'ha; :\.r foi these two \ clues of eat; in eott.xr.u.iiku:. 1 low ex er. this chnrpe 
is alv/.tys mueh less tb.m the mean value of r'.'-l.aand so can be snti faeto:5!y 
account' d lot by etihnmevi xuderint: of the election xiisttibutism; v.e do itol li.ivc a 
stifj'.eslion as to the cause of the ordeti:;;; othet titan that of u.-dlueasa (l'xs.l). Alt 
alternative desctipiion of the efi'eet is n nep.ntive effective density o! states posteh.tcd 
by Hello a al (I9bi) for W’ittnet cotuk nsnticm in ?]) (als>i Cheiishii and 1 Uadi 1'h ;') 
However, this treatnunt does not yield a seties of ewe illations as found in the 
experiments. 

From the expet imental poird of view it seems that the tdccliem -cleetion ini e taetioti 
produces tliiee different effects, which ate ielated. Initially, v.itit a wry low eleeli>m 
coneenliation, the system is a non-internctim; i'ermi plass. As the elcetum concen¬ 
tration increases, depending on the type of potential fluctuations, theie ate title e 
possible conse(]uences. 

(i) Interactions icinfotve eli'-etreler and there is a smooth piogression te' tlte intei- 
aeting I'ermi glass, or Wignei class, in which localisation is elite to elisemlcr ]''its 
interaction. The loealisat ion energy, ■ l.\, elect eases !e> xetet smeteilhiy with i its leas¬ 
ing n, although the cfleet of the inlet actum is to cause /■., to iise. 

(ii) The type of tattelom potential allows a ineastne eif eueleiing to oeetn elite to 
the strong, e leettem ele ction inle raetieui. l.oeallsation is elite to elismelei am! the 
Coulomb interaetion but sharp eiianges in - E\ e>ceut at certain ciitie .il values c>f 
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C'.mioi coHsVntratioM ;• i > i n" lise l" the conductance oscillations. ’I in- wo;!. k polled 
here sepy vsts Ilia! tin. occius when the ament limiiiiii’. repion i-- mu..!!. 

(ii,) It the Iv.c!.; round disonki v suflici 'inly wi a!, then the n:::::!vr of cairi.rs 
.! is small ( 1! It)' 1 cm ’) end the Coulomb ink ruction not appeal it * 

play a i o!,\ I lowcvet. on tin- metallic side of I in: tian-.itioti a tin. »•:-,.■! ate election . ..s 
will; low a is ob.-cixcd and heir ( iv! mil' effects may bo sirnifa ai.:, pertirelu l\ j:i 
(lie presence of a iim: iiati’. held (Wil- .a c; a! 1 1 '■.] ». 

We have also found 1 1;;;t tv-i!!;•■ itr>>. t an bt: induced v.bon po-idc chntp.e. i:; the 
fci;in of dapped !;. ’ • . is cu.-alcd m ill;- Sit); near lit-. Si Si!) bin. if. cc In tk 

beaut iik dial it ni. 'I in o:. tail.; I ioils :.!0 most pi on unit v 1 who it a it.•no., lino t f t ha, pc 

is nested am! we v. i when Ire whole (hnice art a is iii;nii.‘ted (i)tjs ic -it 1 ■ its 

at an b vn found by R A I hi vies, pi it. ; ■ communication). Siniila: !\ v.v have no: f< '..:ui 

ostivau ins v.I k r. a.n inversion layct i- fojmed on ; hiphlv doped se'--irate, whet, as 
they c - .;n !>e lotinc! in tin diiinsc.l tc-ciom. and eliminated In an epp'-.d xoltc.ro of a 
lew microvolts, indh alia, - a surd! eu;ivm limit inn teeiim. 

In Ike expeliiaeists tepeuletl tieie. the pie-exponenti:;! facto: <* :• appioxiata ely 
conslanl from stron::!y activated tv’ just metallic bcbevioiii. Tie in 'kales that tie. 
win dt tin t eili timid a, lepioit air es 1 1 •. to the tori I !.:■ ioils and K m : 1 1 ..npirp its • dm 
as the pe.k \oltaec char pcs. anti tlia.l ibis icajon is t cntii’miinp v. lift- mb. !<• the eivt. 
It is epjViieitl ih,, i s);e vlieet is only stt.mp.ly ohsei ted vhena stn-i i.k do small i .an’vr 
of clie'.ions is present. 'Ibis may be tine to a small l.mplli o\ei \ I■ :e;i the clcn.oa 
behavio.tr is coherent, and a> this!. iit.ih inetcases li.e oscillnto;;. i-.nir aveta.-rs 

to /no. Increased : i/e of Ike ait lent llmitim: terion may be tlto t an:. of live ;.!••. nee 
of any clear pen s!i,iiy oj the oscillations. This naty be a ban.’.a.-,;v.;.l ph\ ieal 
limit.iti->n ot a tclic.tion of the vntivion in bachnotmJ eh..ie. r.u a Inrci awe.. 
J lie ciili. al interplay oi c:i--; >:•,!,■ i (due to oxide clietjv) i i 11 1 : 1 •. ted by difiVtene- > in 
the os.'ilia.toiy beltaviotii between chips tin the seine silicon v.afei. am! also by 
cliflTicnees induced by thermal eyeline between teem. kmpci;.fur .-ml 4.2 K. 

The results and discussion ptesmied beie concentrated on il a l"C.dbe<i refitne. 
1 loveewr, the effect has now been olv.cned in a w.ad.ei form in live tuvt.dhe.tepiu.e 
in (inAs. Tinihei details will be npoiied slioitly (1 ode an.I Ivppci 1 Vo2 to be 
piiltlished). 

Wc have enjoyed many discussions with I'rofesstn Sir N'evill Mott. I>i 1’ Townserui 
and N't V Kitchen of Fssex luiiveisitv and Mr 1> A Tools. This woik was supported 
by the SIcRC and, in pait, by the l inopcan Research Office of the vaS Aimy. !'! .1 
Uren possessed an .Si li( ’ ( 'AST. Snvlentship w itli the IMessey Company and the v.or!; 
was performed when I'd Teppcr v.is on leave of absence front the Tlcssey C'ompa.ny. 
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The 5>'liii!i!il!.o'. <lc I!;i:is effect exhihite:! by a fwo-dini' iis»»»;i;il ftos h;i>: Ivni :i 

topic, of invest'f,.ition sinco llio inilinl v/otk on Si inversion Ittycis (I'ov. lri ct n! lSd'i}. 
Recently ittfcicsf lias iVvclu]\'(I in I lie Hall effect when the IVmii ci'.et;\y I'y is in the 
density of states minima I'd ween I and.ai levels. W'a'.ahay.i' !ii (l')7M) and \Y.d;a!>ayas!ii 
and Kawaji ()9Sil) sltowed that llie- Hal! eon hiuiviiy deviated fumi tlteoiy in these 
re.pions and (oimed ;t plateau independent of eaniei cnneentiation. Subsetpiently Yon 
Klit/inp. ct a! ()"; ()) foetid that the value of 11.til lesistanee in the pleaieau lepions was 
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held dependence of <»,, me;: tin e! directly with a specimen of Cot I>ino ‘some try. As is 
c]■ •;u , lot |(.iv.- s.euee di!ii Ii .Tithe peak v.,lm- of in the two 0 \ level - dnn eases with 
deetcasin'’. temperalm e. iinli.mj- lli.it 11 1 ■ entn e levd is l> sealiseil. The teir.pt untie 
dependence of i was no! ;• n :i !\ •'<.! in (’.tail in this work. I ml it is elc.u In;:! in i cauu; 
tin- eleelrie ti'M achieves deh>c .!;■ -lion in tin- (0 ] ) 1- wt. ) T.ure 3 shows and /)., 

i!to;;..used diieeib t’smp. a ) I.ill j.conv. ti v device. Wo now disc-ms two asp. 1 1. of these 
lip.ui os. 




( t'l; ii- c 3. Tlr. t>. io.u of />,, anil /i., in !l:t- !l .n;.,l ] I..-II,-!;! : 1. \tv- o .■:!f. : ia.t’ .of 

ctnii.’i icii.-Ht. -.ii o.iius, 0.05 |iA; f-.:!l o..v.-<. j'tp.-V 7 1..7K. 11 ' 9.U i , / 

lf.'i It/. 

First, inciea-ina the current (temperature) produces tliv* opposite effect on p, y 
between (0 | - ) am! ((! ] i ) compared to between 0 and 1. When i.\ is between 0 and 
1 increasing I, results in a deciease in the width ot the plateau. 1 lowever, when i-y is 
between (0 ] —) anil (0 J -;•) inu easing /, tesiilts in the formation of a plateau, I his is 
also ilhistiatetl in detail in figures d(am! (/>); it is seen in figure -l(«) that a plateau 
exists at 2.A K and then collapses as the tc mpciatuic is lowered to 1.5 K. It is clear that 
decreasin'’, the temperature results in the localisation beeomin:- apparent through a 
decrease in conductivity and the di .appearance o! the plateau. I mute ■!(/>) ; hows that 
once the plateau is f< allied in ti:is. way it can then he ictnoved attain b\ fin tin r inct casing 
the cuticut in exactly the same rianner as the removal of the plateau between 0 and 1. 
The subset pie lit temoval of the plateau is no! i elated to the local: .at ion but is due to the 
itu i ease in o,,. 

The second fe at nr c of the figures is the presence of the pi ite.m in the spin rap when 
time ate ext ended stales in the (0 \ •) level, but the entile (0 j ! ) level is h •. alias d and 

shows lemprraline depemlent comluctitm. This indicates that the extended states in 
(Of • ) ate compensating not only for the localised stat'-s in this level but also for the 
(Of t ) level. 'I lus suggests tic t the compensation mechanism is more gciKial than has 
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I veil sup! ested. This has .'No been ob: • ived in the II. i!! cuiieul experiment (Knwaji 
ami \V:d.abay..shi 1 'AS I ) , wh-et c the l< >.. t si lex cl 5, hows tvlix aka! In-has ionr and 11 if re i. 
no plateau in the ivp icpion between (9 } : ) ami (I) ] ) but between (0 ] - ) ami 

(Ojl). 

The ease wiih v. lii. h tii- localisation r an be clumped ii' these specimen'- is evident 
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experiments. (These cffct is are no!t elated to the observation of the true invei sion layer 
conductance when a substrate bias is applied to a contact limited device (Wilson ct ill 
J'ASI). Tianspoil when dominated by localisation in the contacts can be mi- taken foi 
inversion Inyci localisation (Tsui and Allen I'A/S). 

These I es'tlts pive strolls, supj.oit to theoiies siippestinp that extended state 1 must be 
present for the obsei vat ion id the i|iiantised plateau. I lower er. when AC measurements 
tire pel foilned a plateau can be observed even \\hen all slates aie localised and a plateau 
is not found uudei I k conditions I his is shown in lipure 5 win re, at low frequ. neies and 
low values of can lent, a plait an is not pi esctil when / | is between (0 j -) and (0 I t ). 
Increasing, the frequency tesiilts in the piopicssivc foimation ol the plateau, a process 
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quc'it datively div.-m-'. the localisation leiwils. 

Al the lowest v; I: ;i-s cl current ( -10 A) the eli'oet of incrct.sini*. I he frequency was 
difficult to establish Iveaitvc of the jo. Consequently it was t.ot pn.xihle to e\e. bit.: 
the frequency dependence vvhen the i t;ncut v, as not ci U\ • i\c in deli v dishm eat li. •<. )i 
was noted that when tin- plateau was present. it tended tonal row >.'i;;li;!y with in. i e. sir.c 
frequency. Otn pivvmesin-ciiMiicim-ntsofeoiuhictaiw in the minimum ulW (/q) (VA.k- 
ithaymhi anti lYppet 1 *>X?) showed that the chnme in <>,, with inei ensiim fi-equ. m_. was 
small and could not account foi this nanov.in;; of tlm plateam ') I tis we ntuiine. e the 
effec t to the propr. ssivv removal e.f the consequences of the localisation of states the 
J.a/itlau level tail ;w the frequency increases. The states in the tail will he mote t'.-htly 
localised than states in the centre, and consequently hie her frequencies at e icqnh - 1 i to 
remove the cflectsol localisation. Capacitive lossprohlcmswith lais'.e s com tiv d .• vices 
prevented us frotn invesiiealinp ftequeneics above 10 kl I/, am! so these cl feels coi:M 
only he observed when the election tempeiatute was increased te a .a'ue such tie,! the 
DC plateau was on the v» tec ol appeal ine.. 

The results of l lie In-quc ney dependence are in qualitative am cement wii itom , .-suits 
on the U-inpcfuiniv dvpciidcm e, namely tiiat extended states oi slates which IvL.vf as 
extended tiro required helow /q foi plait an foimati.m. This lictuicncv dfect eao oni\ 
he found al low fn-qucucics heetuise the viilual unioval of seait--i in t when l\\ is in the 
minimum of \\l .} icsults in a lone inelastic scatwiiiU' time end the w;nefu:i< is 
coin lent ovei hiiee distances. P.ecuuse the localisation is veiy weak the hehavi-nu is 
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and 'non an' rase. is found when we eaknlutc n tM tninp, liu' sue.) wu. b <.;e..;:iU'-.i 
expression developed by Ando ft «t (1 vVf>). Ilcic 

a.,. : - ■! (17/: w.) a ,, 

where p is the width of the J.arid.-fti It \vl piven by I' (?.\ 7 n>J:a) x ' : , v,;:c;r cm is the 
cydoiton fic-ijiK iicy and 1 i-. the. se.utetinp tin c in the air uxt of mapne-tie held. 

Tims, in summary. 1 lit -o i•.•suits aprer v ith theoiio*. tint the e.\U tided state r . 
cornp.’nsaie • for the pte.xc nee of localised stater in the tail of the level. When Mates 
the centre of the lew) are \\ cal.ly localised th. plateau of ipiaulixed Hall k sh-tatue is not 
present when is in the tail *>f the level and the compensation effect on p t> is not 
observed. 

This wotk vas Mippoited by the Science and Jinpineorinf, ]’es>. artlt Chounci'. M Pepper 
achnowle dy.es pattial sttppo; t by the luiropean Resent eh OTtcc of The US At my. 

References 

Ad i 11 1777 A /■/:>.. C .W/:/.S,-.,.v I'hys. I(. 25X3-91 
Aol.i II end A:,.n> t 17 , 1 Sc!„iS:.:r Commun. .1!! 1077 S2 

AruloT hit. Cotif. t n // ( - nic Vtope Hies of l \vo-dinicntu>r.t:l S\\lan\, Sew J.*>nJoti (Surf. 

Set. US !S.? ;:) 

Artd< 1 1 , f-i Y ;»r<l l Vrmif-* V Vl/SJ. f. S f *r. »VJ ?77 ,SV! 

low to I \ H. I . iij’. 11,1 low.iu* V/ !• ;ni..J Stiles I’J iOhft/Vor. hit. Conf. on I’hy*w\ <>fSemn tm-hti fm>, Kyoto 
(/. riiy> .Sth'. Japan !1 Su;>nt. Ml S) 

Kawnji S iii 1 Vt'.t! J 177 } Solid Suite Comrrtun. 2.1 i'J 0J 

• -— JViil Vn % i\ t fji /ni .SV#/wh'.r*\*i I'hysusm tliyji Moyneltt' /'iritis, /luKonc, /9S0, Spiinyet Scries ie. Solid 
State .V< /• ;i. v. M '*;%•» 7 



















J. riiys. ( : Slitic I'M*.., IS (I‘J. 1137 -1 IMS. Pi inlet! in (ii ..( J'.j it; in 

)xrn;KT()'rin:Ki):iou 


S’ljhi- •.:>•! 

mvoLr.'o: 


• t Ct;I 


t" ^» 


Y<.v v;: 


we 

‘I, 



'> ■ ; 


)> A 1‘vi.iL' i, M lVppei I J A ! 

I'n!'. .:i\ cf f. M 

('!)!., I : U ;•».! 1:. (k :l llu'.n, l;-:.. ;v, ! ii: .1 

Wu,r v-.iw.-v ii; 

} I'k 1 . ’?v id;, 1 I, l i. 


RfCi k -I 17 /.i/ 


v.Vtij -.Hi-! , -un . Mi r i ) el a . ) i a. j . I. ■ • 

i'f. •:! i. ay. ...\ n-u;, ; c / • ■(,.•. U . I ,v / u.- k L : 

».v. i:!! m Ii./ • li l !.'• I . i..l :•.• ii. v. ;; V.V . 

11 - is !’■-■I. ; 1.1 , j'.. • ■, of i :y ... ;■> >. ; ‘i■ -■ \ !.■. *. : II il a. 

rival) < . ‘ivr: 1 : .’I ■:: | ■ : . " V 1 !;:■::. t , .1 

lime 1 \. •> «.f >, - : ii.:- •• \ (ya .' I .•) i-.,\oie.. ..i. O.U 

u-ull* I..-I tv V. tiv-ly «•• j l-rt .• . : :-an -I'M >1 t - o'.-f.Viin l!.C 

Ikyliirk* \ ! i. • e 1 1 . j orlv k f. . . v i :. 

AlK.lv> o' •*;:i\ a I. ■ ...'K’rL'.!.'..'\, L t . i-> i' l '--.ikk' 1 <:-. io!k of 

llfkinv. k. ..:ik'M:;.'"I! . .!;■ Uvo; \.-i y 'a, y.: 

as I'M'-) V *i t-«. if ull' <!.) i. '! f.i;-, ti l t!v T lei. .. k “.d ?s 

7 ln{7 \/T) v f.k r. /, I-, ,i uViM.’ii!. 


In two din: elisions (2!)), const nictive cl<\tton ini.: f iiii.i hetwsen mehlple 

scattering c\ents lead-. to ;i doi-n'iiM- of lI:o ‘mot ' < ivuitiot; i.kO :s | 'v..: o f tom- 
pcnituic T(\ );‘vics and JVj>jvr 1 '-’S.'’).) 01 srn.Jloli.ii:. <••- is l.'.o v.-o'i '.i<k'V.r> ; r j i ' i - 

miocorrcUiim initiidly ptoiliolod by A^iaJitmisf/<//((io 1 a u \iov. v. t - l‘ro-:; t :til 
IWla). l-or sijuaiv samplo of side 7 - UK, the ‘no;n::*i' to:u!u,t.noo 
ne ? “i/in* bccomrs o • o 0 -1 Ao^wlioiv 


Af/|,v 


f ? n L 
v. In- 
;rh 1 


( 1 ) 


where n is the mimhei of ileetrons per unit area, i and In re the elastic seatteiinp time 
and lei:: 1 , lit ik speetively, in' is the effecthe mass of the el etron. ami c is a const;.nt of 
the Older of I. 

At finite lempeialmes /, is the im'Iastie sealleiin:', lenjkih in the teii'peiafue 
ranj'.e of inlnest tin- is line to electron-electron seaiterim'.. If r i:i vaii<". as I r tlu ii 
equation (1) is e\pei imentally otiservahle as 
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1.1 V;0 


/ (ti< i u> th,• rtiitoi 


(Meipm. I!:!, m ; (] 1 ’ 'a! Mi:i'!.;i\v;i;im! 1 Him; is.i f 1 *?.-:!) 

c-si-a I . i i ti::. I;'.'. is spin e-i hit seall i ini’, into ! IK' Ml of 21) m 

i i.I r.i.\i 

An,, ( . '/d V.;•, 1 ’ - i,'v /) - v(J -i 1/7;«) 

1 IvC V'i.'O ','(!• 1 Vi/O! ’•'} 

Will’ll' 

« -■ ‘U 

1~> is the el. el'i”. Jif'.-viiv., 1 ■;; .t.:nl e.::d i.• i-. the diramim: fi r-. ti m. 'j ; ■ ;i 
ill e comp-s-rd f -bows: 

1 /-., - ?/ fv , i -1 2 ,hi i j/,, 

l/r,:- ?/;; ! I 

i/i.i ■ ?/r;-i 1 I/?,, 


1 v. ill; v.ciik 


(f>) 


r,. r- , r, 


where T. 1 ’. (he j>: iair-:i; r. impurity P.aliri i, : time ;.nd the jmli-.c,: aml.v '.mm; ami 
to 1110 ! ion in the j j\ i pen. lien i;ii to the ]••:•• tic oft!'.. 2i) j :■ io, . . !y. 

The device t!v.’»! i-t t!».cvs.'iiii.an In!’ :»:< :• 1 (iet' -osid. .*;>- 

duet or field die-1 '! I;is has ;; yu, m a-i i .1 ; s «!:e lv,v . .1 Si . d 

for pre .'ions wo: 1; <>•' li.l, n, am.- (IJivn cl 1 .! 1! :-l ;i). A Van tier ivim - •!, \ 

was nvi! v. it!' ;• Sii":; : 1 \ ,vi, Sid dick er ir of S'- 1 A if; I Imo-s I / n- i p 
substi ate. ’ .lee!, ;r;:l 1 nuv.'.r 111 ; mu v. :,s j \ 1 ,. ■ ; •, 1r r at 7 - ■ 1 ■ ,, 1-, ■ ] r _' ei 

{;»'! icsistamv it's sun-rti,’::'.’ inp. t*\ to obtain the j .a. nut. i , ;7vo:. i , ti.bk j. • he 
ck sIron nobility u 1 : i» be s-t n to !•••-■ pm lie.;!' ; !y low, bo.,pa. 1 .,. a• 1; 1 \'. 
’J Jsc- product /;. / v ;is ftumd I" become vitti!.,Ily const.';;;'. ' . 'w > of pate o:. s \ \ ;,!••• «\ -• 

■I 15 V sinee jt (i.c. I) v.;,s f; 1!i: •;:-! ppn•;.1,n!e)li e < '.k i,r.. r-.s /., ■, i:;.;i :: 

'J'h is type of’••eh;;’, ioai is ;.!s-> ioeoJ i:t Si Mo>m is v. liirh esbr-ii i';. v ; ny. J: 

ser.tteiin;', lliyli \aK:es of T, (;:n<! tin iif->;v !,) I'-io’i t!; • i:.ei;o:v. d -er to the 
Jnl’/iiiO.- inti r!;.e.- vl’ete tlu-y tue ineiv; 'in.lv s/ iU-u il by tf.■ non-i'niiorn »i:r. ! ‘..ce 
pole id i:-l. 'J his sfi'-.ei !i;n iiiii mu nveasurenvents to a n.t'iinv.tir. /.; 'of s. j i; • iii--’. -h ve 
of sin faro i -11 i, 11 a s’ s i s tlioio.iil 10 be ilae lo ills.* t fro rn 11 >-: ■* s;, - pi 0 * n: 1 p; o. v ,s !->i i ;m 
the sample 1 into;to th. h.adei. Jn lies ]•!->.e:.s the Jnl’is lu.i'i.! lo •• -1 Ml is whirl’, iv.n 
cause iiidiuia to diifu-o i.> '.lie Sit > - ini’ interhao v.hoio it forms i;.:o 'ju-hiis 01 or b:-;: 
considerable roii;. lienins- of die iiiioi face. 'I he 1 ~ .Mli) K pre-bondi!;.- pr. k 11.• di;:: ■- fi r 
tlic sample v. as > 1 stlii 1 or \' 1 s 1 which fell to —Stid cur V 1 s' ! nltor l> 

Fif.tirc 1 sltovvs the v-riation of Ali/U with /i at 7 1.25 K lo; \mi"i;s -s of \\ 

(lienor /-.|) whole A - - 7C(/>) • • /•;((.)) am! A A’ ; - AoA’s l ; or /, A K-’i moV ilw onset 
of positive MR at 1- nv l< clieni.hi'i over to negative Mi; can ho soon. 'I iv ill •: pj va'anre of 
the positive :.ti; a- '.iv.ei ah us of l' t can bo ijiinlitnlivoli o plainrc; as t olios. As a 1,1 st 
appi ox dilation wo assuns that r , is constant, iiKlopeiKlenl of /'ami . briny a. forts 1 ion 
of the lattice and imj-u; :iy ioiw. I oi a 21) c loot 1 on pas in t';e pro; 01 a c o! impm i ; ios or 
defect scat lot i:i>; the ol-iti on 1 loot; on seatlorinp. 1 ate i tt is p.i'.cn by (l 'ion cinl 1 V.Sl a, b) 

l/'tc Al:’l)'!.\ r l /.'(/c7 )•//,/.,. (7j 

Here r is the elaslir foaiioiinp time, and the fusi toim aii-rs fio.-n elesiie soatioiiiip 
introdurinp. an iiuloiomiina.i'i in the oleotu-n inonenltim ami. con-e-juoiitli 1 n'anwoil 
rate of inol.o.tio H.-tioiin;; with a low clianpo of iiiomoiitimi (tb,i - h. h.o iom' was last 
predicted by Schmid !"/•!). The soroml (/ ) teim is the fanti.'i.u I.amiati Haber law 
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iiii ill;’, fii•:ti s ■;:!k-iiitj' ;:.mss the l eimi s'.iifacc. Ahi.ihams cl a! (1 ‘- -1) liase :<t 
cousi,k u > Hi. i he. is of i !.;• ;ie scalk'i ii■ • aiui liii.! lh;it ,1 hi / j/ 7'w!:tat 7 , is j’.lvcn by 



MV ;iv.!!in. t!:..l . .. t. . i f. i >c *'•- 1..,., v lieiLi is the i lection teiin: 

(t i,iii m) i ■:.. 'I ii: ■t 1 , . rh the cave ;• t«lu m ilk- 1 . :.•<>! e!eet:«.;i !■.I:■ 1 bv an 
aj'j'liej ele. e i. heM. I lorn t eu.aion (nj v.v lo set njik {5. i\t i 

iy.. which ni.i !:!.i !\ ioi low /e, at set n front et|i'.:li-.ni (7). As /.; iktii: .s t, 

eveitln.'ilb i' on e able to oi j‘;:i:■ i H i... ant! v. i im 11 ft j • i. ;! l • oh--:. rtv 

the ‘.'Um i t 7 •k'-'.ii'.e mu. 

In Iruit. ? v. e i Iio'a h iile. fi>i ihe \ ,:i iaii. ni of A/t v.iih h\. II for wo. v • / .a e liv. .1 
l'i of W ;.:e\'. bii-.ne ' the c.jitbe! :esii!'.s fo: ,*>'.< m. V. I: c. n be sen 

tli.i! lh,' Ii;. 7 ie. '.ill'- ; ve;y liille t-'i;:;‘ei.iii:.i't\’j' . kf. ti A.. /Va'i.Milsoa 
pos’.'.iw M'l el I. '.v /«' aiki /. I 1;.' s'li hr. a; o ihcoi cl ...v! t. 1 -bl.:. .1 ]; om ctjua 

tiosi ((>) \\1. It' v.c a: t ! . li., aiitl it;!. .1 the t net 1 o' n. l'i : i • -..Ueri: i.o. 

7s"':■■ i, i, . Ah! the ; .seeimni be,•..veil ilie « Aj-e:< ;••*.;.! :!. v-jy is 

not j.t'Ot! v.. .. :i acce'.ikl it" i h • tlii i ti t'it.bt i s. et'ii i i ; : to e .‘.Okie, .hM-'V-s. 



r tn 


Fi.'iirc .7. A A' i i-tatu-.l rasimtl II ft 11 7 -!.? K (C'l. I 2 K (O) ;mhI 7 1 As K (' 1). 

/-1 ' C7 tiii'N toil Ajt.i'itlii.f lit /,,/ J '| lit full t iiitts .'tv lit-. oi;*ii. ,t! t.'let.I.mom fiom 
lijll Iti.’ll (ft) Willi ; . i s x 111 ’-'s. 


Hist of all v.v consitki the case of liiuii e 3. licit' i\„ is ale. a vs loss than 7 ..,; thus for all 
7 \vc obseive only iterative mu v hicli inoeases will) lalliny 7 thu- to the iueie.ise in r„, 
J’ivcii Ivy equation (f>). 7,,, has only a small effect on A A, I lowevet, in lijuic 3 tv n is 
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comparable v. illi p ;i! ■'.? is ami 1\ . ■ :.ae:- less 11 1 . s: ?,,, ;>l 1. ? :S ] v . Thus in I Li- caw . T 
is icilmed tlio poAtiw Mk v.ill iiuscn'-ay'.iy do.nutate. causim, the apparent 1 oi 
temp.. i :>Jt:j't- dependence of A R ; 'li. 



■*. k) lis.'C'lti.'i'.y ] /’; i- 1 >! ■■’(let! sy i:.-: 7 ‘e; t!;ec.. . ef.V }•? r.tcY ( /. ’.in! 
/' i .V.l.'! I l.o ul" r. siv i' I ■; •: lii'M I 1 . ;,s * ‘ ; ■: p-j ■ ■ pn 

c>|icriri!i ' i'I imS li.-..su!I.'i. - s 'i t:.. j-■ e-vi : ; . . 

f tlui'lij it it:. i>ii..iii luce.. ,IU' I i, A'T-i />'/ : l.' .v. i 1 ;■ I,i i. " r.i. . . . I it i .v 

h value fa: /• to K* c.\ti.:rn-d. p 1 and J.4 )'ri !■, ■ rei'.cV a •• :;vY u ) 

Ksp.ciiu!,.. 

Jn ftpuie •!(«) wv !>:.\v plotted ll>.• quantity 1,7 p. apahtst V lor / ; Sr. '05 tueY. 
wheic llias been c .\:i'cetcd from the (its of equal ion ((■■) to the c.xpei hm. nta! data. 1 li*> 
allows the values of the constants A ' ami /.''to be fouu.l v.heie e.p a tarn (o) is tev. i itteti 
as 

j/r t , - /.'/■-1 m : . 

From fip.it re -1 (e/) the eoustants A'- K >: ]0"s''K ' ami />’ 0 he • S5 ruA' 

(/q/ 1 ).A' 10" s 1 K 1 and />" (1.7?. >: 10" s 1 I. : lot /., id A ,„cV ('.,/ - 5). 

Thus in both cases the fits! teiin of equation (7) is dominatin'-. indic.ititie a system v. ith 
a lii'.li derive of disote-er. Plot tine In 7,„ against in / will riw a sti aide hue t elution ship 
as shown in figure ■!(.')) over the small tainte of T we haw eotisideted. 1 \pu ss-ne. i, a.s 
a composite of the two laws, the pi adieitt ol this plot rives a value fo; the o distant /> in 
c(|iintion (?) winch heroines 1 am! ).-! ior /.) Nr and 505 itc.-V uspretlwb. It is 
interesting to tmte th:‘.t when h\ l - 1 III ■ 7 ' component <d eleel;on eh i lion vratte; me 
is almost completely que ache el. I > tesmna , 'lv the fact tli.it tin indelei nm ae\ A y n /., 
results in the virtual elimination of ce'leions v. Iteie the chum-e in / i can be ereatei lit at 
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A k\. We note t’.t i!:e use ('f the expression tU rival by A hi.'hunt' cl cl for 7: eo j.., b 
a calculated lime which is appioxiv.aiely a fa. to; of T In 7',/V hi. .her than il.e c •;. ; j 
mental value of ! if. As the values of 1 \ are - ?2M k (k< I • I) and 1.1.t • ;o If 
(Ai ! ■' ft), aj'i'eeineul is poor. I'm In mimic lire ie .nils foi A,/ 1 v.Inn plot;, d ; : 

foim of lijtiuv -1(h) mki show t'lel l/r, ;i 7vaiii.s l>y a f.vloi of i -.iv.vcii 1 )» si .! 
if tie. hi (7 i/7) le; m was ptesent I low ever, (lie eovli’xi* ntsoftl. • 7 i \. n 

by the expected i.-lio <>! S w lie n A ;! (or 7 \ r) is \ie-.i by a I... to. of s. V, \ i!m -1 ■ • ltd. 
that these Jesuits do i.ot suppoit the *.>:i<-;ei>ee of the In l\/'l ten.-, bn: do sa;-,. ■ i’ . 

coi file:.-.’'il b iny •>; the form Ak:>) i whose / is Constant. Ay: e* u.e..i Iv'.v.i. o \ 
and e.»pe: intent i.- obtained foi .-1 • ) 

■J'ht- presence of stomp spin orbit scnltminy hs> ;.:i i'.'ci ■ i '■ .1 y . i. , 

teinp'.-i, inn dcpcnJvna of the resistance. 1 liher.i a u! (1" ■ •; ;;..e>,. It' : ! : 
r,,< A(>., varies a.t half the rate v illi 7 as Avs i! , os i.tin ' \.i I- . h : - 

Ary ; (yiven by oqi .•lion (.')) bul villi opposite siyn.’1 ku . the o ; ■ 

deeree.se as ]'—> 0. ’! o look for li i. effect we ir.easitied <’ r ... o. : . 
r.ntye of l: v , some ie>u!*.s belli: t shown in lirmch not nutlisal to K. ( L... . \ 



1 IK) 


I 5. The percent .mic cluifc in A\ A/i/A\ is plotter!r.ii7'n<»in:a!i*.f‘(! to T •*..? K 
for v:ii ioi.s v.ifucs of / j. The full curves die An ;i juiulc only. A, l.\ ■ b? ukV; H t i /I uu V; 
C,207 n;eV, D, 305 mcV. 


is ;t clcvi.tliiifi from the logarithmic dcjicnclciicv upon 7’predicted l>y equation (?.), 
especially at hii’.li /.|. 1 lie pionnunccd ‘ll.iUeniii!’.’ in A K'H with falliny T is due to the 
iiieieasiny dominance of < ,, over i,.,. No tut novel in the dilation ol A RjR is seen. 
So far, however, we have nejdecied the eonliiluilion to A R'R fioin the election 
eleelion interaction riven by ecui.iiion (7>). liven in die limit of stiony spin oibil 
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.vc« Hi;. 1 t'.-vni'ccnd. 



A!*r.:h:s:»-!S etc' ( u > 7' 1 : A.AL!’) 1:;: prop v -d «. Ji,..- to o;y of conduct ion. They 
defined She dimer/.Ion!;. .-/• conduct.mei of;.; ::iepic ■■■;, t . /, ;>■!. 1 dimen nonnlity d, l'}' 

0 - o ■P)yj:' •• 

A sen!Inr. funefi-i /»\v.i% tin n defined Ivy 

f /!: 

' ft hi /, 

Tin lini/iny foi ;:iv of!’ 1 1 < function arc known: A AI ’ 1 assumed that /’ wee n smoothly 
varyiitj!, functionof;;onlybetween these limits. 'I Si. - assiniiptioiithat tin /,'functionexist-: 
is basic to the scelim, if, y. The. has not K on liyorou-.ly pio\cd theoretically, and 
compute! studies ln\e produced ionhk tin::, results, s,i wc must tuin to experiments to 
test (lie validity of this assumption. 

'J lie .‘Vsnli’ of:-/:, hr ie -1 aicpresentedhere. A ‘sealing:function' Insbcen construe \ci 
from liieaMireiii'ms (Aconductivity apainst temperature, on a silicon inversion layer. In 
this sys'em th. election', form tv o-dimensional '■leetion pa s so that (as d - 2) ft 1 '- /; 
anc! analysis is <i:.:plilk d. 

To peifoim the analysis some assumptions coticciniii;’, the relationship between 
leapt!) end temper atm. line:; be in >de. As discussed by Amici son a ti !(1 l )7i<) and Kaveh 
and Mott (b>.':i.i), the s lloiliw i-.-iip.lli is the distance the election ttave!-. before bein.it 
ills l.istieallv r.eattered. This rises, in the weal: sralicrinp limit, /. • (/A,) 1 '. where /> is 
the dilfusion roefmiee.t and r, is the lifetime between inelastic scattciinp events. As 
1 , « T >’ this pus /. v- I" 1 ". Mat’.neiotesistance ineasincments Kawapuchi and 
Kawaji IVNii, liu-,. a d 1 M S!) haw shown that election electron scnltei inn, is the done 

1 Nov. ;;! < J!”( * Ji.-i dii li 1 s! ■ Miisi Ri-.v.iidi Coptic. V.VmMcy, NinMit-wx. 

\ Al-o .»f f i! i ' lsi*a'\ i* k I .I'nfic w I liisl Uvu .:n !i (’« n?ii\ WVinl'l \. Mi.'i!k\w*v. 

5 I Vi Mi -ii: i;! .it Mi if* f. i i.y u ■ I K j I'.u -1 i.i;i l'm*rr-il), :.:t ( i.tn, Im aoI. 


(c) IT; VI he Institute o) i'liysics 
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iuant inelastic m .ahanisni, rivlne. values <> 1/ I' tv-eon I awlc dependin'',on Use value of 

k,l. 

The iu'!’uu:ep! . presented h. u- tin not assume any pru Tu 1 i. Run s\ ■: '-his lelation- 
ship, onlv that ii Is ‘w ell behaved' in a sen ,e which wil ! I e defined. 

Ji is pi >.\ !■'. :• > iInline ;.n V -.pci im-nta! scab up lit.net ion' l y 

,, f 1 1";: 

n. ' ‘ • - — - 

' ' cl 1 1 : 7 

t; • ■ ho'c-. 

This can he relate i In the tnn ft function by 

p I- 

1 ' i> 11: / (.’ hi /' 


11 In I. 

Y ’ ft hi r 

With the cium.n::«>ii,.l infcij t> t dion. / (IU )’ , j, :. T y a constant. Wc 

make the ri.ote . • m lei i.smi :; ' i e. that yi- a inn t:'• ••;l old; only (pe •/{<;)). Then, jin by 

hypothesis// • v.e hti 1 1 \.f. shouldo !v a universal function, /J. - /!(;;). 

Such it function it:.- 1*. en c.-.|’ -H acted ft < <■-:.< data pie\ iottsly pul'd; shed (Pa\ ivs and 
Pepper As on!;, a die, a j.e.enlv; id d j>• >iiit - were available die derivative 

was approximated to the ; i . her; between a I;: c. points: 

r A in A in a 

'' A in T ’ A in T 

and the }\ value wee. taken as tie. mean of the two values: 

U 


Noiuctep: eseiitatiw Jesuits, for several c,a: i in concent i at ions, aie shown in lipure J. 
As can be seen, I hi ti -tills «!.t no! fit on a uni\e;•.;«! curve, latl-ei the lestilts foi each 
cat lie' cotiecutiaiion fit on pa: ate turves, with slop, s opposite to that predicted by 
tile St alin!', theoiy. Ili- also seen that the same value ol />’, is found for dii'leient \alues 
of I lei e we st; e .s that a It It. !: there ate t , u'ls in />’, the value of e is (juite pieeisf. 
1 lent e it is eleai ll’.a.l t! ue i-. not a v.ell ih fined v alue of f> . for a p;ut ieul.tr value oft;,.. 

There are ihici )>■ >\siblc i. .;i.. lu-ious fiout this, wItieli will now be t onsideietl in turn. 

(i) 1 electron election iiitei.ietions nine be s'rnificunt. It is Known (Altslndet e/ a! 
10; 10.1'ul.uyama I V.vt. Kac eh end Mt'U I '>■> 1 i>} tl. :l in the piosence of impurity scattoi ini; 
electron election inti lection . alsopier a teiapeialine depend, iie<‘ in the conductivity. 
The scalimt theoi v is a sinele t U c non iiio.lel am 1 so docs not in, I tide these effects. In the 
weak seat le i ine linni it was lit si d.mt n by lien ,-i „! (!•):.( I) and also l hen ft u' (l 1 ,; I) 
that these effects ate 11 . ■: ■ I i: ■ i 1 ■ K ■ in Si ititeisien l.wt is in the absence of a mae.net if field, 
with sillv.eipienl Ih.eoi•eiir.il jie.iiii, alion by Kawaluta ( I 1 !;:?). In the repitne of stump, 
lot a lisa tit'ii vai i.ihle : uip.c hoppisi;*. In is I veil \s id !v obsei veil (Mott cl a I l 1 )/.') 'I his is 
also a sinj'le elet non c fleet. As < otilomSe!let ls.ite not iniptutaut in these limitmpc.r-cs 












Le tter to the Luilot 


LzQ7 


001 


0 os 


- 0 / 


• Ofi 


01 

, , - 


|M 


f V» 

70 


n ® 
01 


‘ 7 ? 



O 

CVS 










1 iyuiT I.) i. it■ v.r •*!:• 

llv* 4. \j'.'i in'. ;;i;t 

1 SO.ills 

fill:. :-; :* 

. !nt\ ii- it ol ; 

a: ..c.. 1 1 . . 

H-. '1 Ii: i ime i:./t 

•- 1.:•; :i II. Hits 

in;:., v. 

it), i' . 

*.fi; iii. U sir ■.(! y- : 

•>. t!./ |Ac r . 

r.K .:N-,!; v -iu-.'l •»! 1 1 i*. s 

>'t.sliM::i..v. !: i- ci 

. :h s: 

1) :i. X« 

- i'k-u !v.!i:e i. 1 

: U s, f /. .. u . 

fc.inJ 1. . !’i y. 

ii;'!;:.lit. :.!* 

iJLV o! 

i W.ivV; • 

Mar- a .; Ii. 


pv►!nl n ; jc \ .tit .s of 

. i?t 4iTii:* o! )(■•'■ i 

. k II e 

I..K-I .- 

.t: ;i: jvi.’. 

. \of /; 

Viihi.x o|'/v a:- foiMi 

1 l\|*v. fi.]<' 1 

- -I\>. 

It... : 

W! . li' A «1< Vs If- : 

'! ;* V|;.I 

l-\ .il'sa:ei'i :,i 1 i ; 

1 l.iu|>, 1 


ft 1. 1 • 

. ii. 1. i < 

!-t- lio’;.M*. i:i. 

Ii.:-.*, ik i\ \ Is *-it 

liv.'.Piw ]:*..!}*? 

•li 

;®.. I-- 

1; . i ;• I | v i\ t'.'i 1 i-'-c ! 

i'.J! !-s t.,; |v 

licit il is Ik: a 

l . 1 1 i f 1 - 1 . ike (went 

la.-.ili- 

■.lip'i) 

«' : Ils* tiio sllt’lb' t!s' 

K lis-T il. v’ 

l!Ol St J Ot*:;' (vAjWK ,\\ 

•1) 






il seep-' rc:«son:iWo lo jasmin: llnl they ;:iv not impoii;:!)? in the inUTnicciialc u j’lon 
cither. 
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form is when dcvialionsboin metallic conduct ion become impoi lam . I l ike impel Imbed 
value of /> is used. with r, T r . then y • /’/.?. Alternatively the peitmlvd value of 1) 
can he used. As the conduct!',ity is proportional to the dilfusion eoefTeicnt. I) '' u, 
' I 1 ?“> that in this ease y /’/(.’ ['■). In both these cases -/ /(c)- so the 
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tions; this is mui Ii less ilian I he \ ui.ition needed to explain the iesulls. l a:i that n.oie. 
recent experiments do not suppoit ti:is fommla and indicate that the In 7 him is not 
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order lei m’s p:cf;:el< >v li.is a value between !• ami 1. 

in conclusion, the •• uiidity of the a;stinijition of the scalint'. theory of conduction lias 
been experimentally Uslcd. A ‘sc,ill:.", function' lias been constmcied but it is not a 
universal function, as the A ALU theory inquires, and ovei lappin.t \ a lues of /h an hum- 1 
dependim; on {> and I ei mi ciieiyv (eL\ iron density). Various otlici possible causes !• a 
this diseiepaney have been eonsiileied but none has been found capable ol cxplaiuim' 
it. We thus conclude that a oue-paiameter seal ini’ tun. lion does not exist. 

As previous work i.as indicated that exponential localisation is pie'-ent in the band 
tail (Mott c/ ul V)7i'), this present woik indicates the pieseme ol a ‘mobility edye' 
scpaiatinp, expontentiaily localised states fr<uu weakly localised states, litis has .abo 
been miri tested on the basis o I theory by 1 lavdock ( I VS I ), K a veil and Molt ( 1 'Id! a. !•) 
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am! A/bel (I'-'S.l). Ii isalso in agreement with om i ailier■ re: i•!is indkntine. excitation id 
a mobility ft!:-.**, ti*s Lh:;:I i->.i of \.li!•••!) was not determined by an inelastic scatterin'; 
cul-oif, i.c. tb.■ !. ic.itien of tin. mb.- was not Icjnperatiiie-ilcps’iidcnt. A quasi-inol>iiiiy 
t\l[;c ptoduecd I>y incl.%: lie seaHeiiui; is expecti f! if ."ill states are cxpom-MiaHy localised, 
ns si.jwi sted by lie. seulinpibeoiy. 

We have enjoyed mare, slimi'buin.t discussion-, with l’ri'e.'sor Sir NVvili Mott a.nd l)rs 
.1111 levies and R \' 1 luvdnci.. I his work wa.s suppen ted bv SIand in pat t bv the 
iufopeun IS s. neb (blue ol tin. US Aimy. R A Davies aeknov.letiees an Sb.MC 
Kcsomeli Studentship. M K.a veil thanks tin- Royal Society fo, a Guest Research 
I i ’env, .-.hip. 
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Resist vote i>v.!‘ute>! b\ a eo'ist.-a.t .v e; u .•»! an.! me:.- ;*j i:’.: the 

voltage Ivh'iT' the )>.>:■-•; 11 i’ ctol'ts with |'ii.ee s;T,Mti\. i.>a. Volta. „•> ivlow 

)0 |<Y v.vu' »:;vd to ;v. r i■!■:::!;• conduct! •:! ;:i the love u r.p.'i. • uie. toed. "1 re 
ranee of tut.:; airline v:«.s (».».'• K I .OK an:! d'k v.a\ me. s-.ned v.itii a calib; ger¬ 
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niic ti in;., dependence i^ie■ ■ from t;,.- v.<*:»!. locali-eli obvious. 
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ova , Altshuler cl nl (m\) have . ottsideied the seme |>o;.e : ,hi! : ty am! found that m> such 
c-ff.-ct should exist. I ■ \ | >ei inientslly l hen <7 n/i I'-hS I i,) mu) 1 hen .per17( It’S)) have found 
siinil.ii non-oliii.ic i fleets at l.nee and snit.ll inaenetic lid.Is. '1 Ik- tor.ipei attire depend¬ 
ence of jcsislatice is due to weak localisation at sni.il! values of the irnmnelic field and 
due to intei act ions at larr.ei % al’.ies. The picseme of similei non ohmic effects when the 
tc-llipelatiiic dependences me front diffeieiit rouices shows that /lealifie. is responsible 
for the effect. hven if ;i new len.iih scale v.eie established by tile decliie held in the 
absence of heal in;;, it is much hit per than the inelastic I .'iii'.lh and so does not play ;i io!c 
in this analysis. 

To deiivc the etu rpy lelaxation time defined above we introduce the total merry 
loss rate d:/df. 
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When the elastic mean fiee path of the election heeonies shinier than the pluntott 
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As ex pool id, il i• temper. .tun-s of the- rkilioi) and phon-m gases are the same, 
Bnfin is zero. 

J'iually, chan: i. tg the simi over < >in dr \U to an integral gives 
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Let lor to the Editor 


Tims s.xtiteiinp Is iv.ivn plane wave slates .fives the observed dependence of r, on 
election lempcratuic for the sample v.i:!i tin longest cla-.lic mean free jialli. The T t . : 
depemleu v of r, is ob.-c i see. at low values of / (figure -1), v.-liieh suttees's that it is ;i i esult 
of the ei'oulei. Kaeeh and Molt ()h,\:) give us a mo.lel lor the eh. elm:, stales in a 
ilisotil.-ie.l two-dime.’. iott:.! system whielt provide*. a mean.-, of including dlsoidcr in 
calculation.-, based 0:1 plane wave ’k' space; thus the m T I < i\es a simple means of 
extendm. 7 .‘ space calculation* to cover the disouicied e«-se. In the Kaveh ..ml Molt 
theory an i leciroit state j/.J has the v> e.veftmelion 

n |A> -» y..m/lp\L-\ r) ( 23 ) 

where () lejWr.eitt plane \v..\ c states, p is a vector in the two-diinensi >.s;d plane witlt 
/»••’/ 1 and l/iij’), i ; in.h .vmhvl of / ami//. 

If the i Voiron Stale:. me a-’t plane \vu\e s wo cannot pen A : i< in the defotmation 
p.Heu'ia!ric element. Y-'e mu*I evaluate the matrix elements using lit. or ii :•.! eigen¬ 
states. If we toe the If;.veil Moil mod, I for the eigen- tales llien the m.ittix element 
Itas the i;>; in 

|A/t.-;.r • l/e>;!/-'|V'S/.}r ( 2 - 1 ) 

and the avei; fed \ .due now is 

(i-’uv.f) (, l rj’- / (.'»){i; ? -l const//"}. ( 25 ) 

Y. ’ I hi. v. a use this to d. j ive d.'/d; we ol'tein 

df/d! A{V; - •/ ,'■) -i iiftxn •- ri). ( 26 ) 

l ot small values of / the second term will dominate to given an energy relaxation 
time 


f y I,- 


n;i'(H ri) 

UUi -'■/,) 


(27) 


or 

r, « T c 7 for 7" c S> 7). 


(28) 


Fur liter wot'!: is bein'; can led out to determine the values of the coefficient' A and 
B, which scale with l in the same way. It is believed that I! scale as /', which would 
pi vc 


dr/d/ - a\n - 7?) •! />//(/J -• ri) 


(29) 


where Catul t) are constants. 

This is consistent witlt the experimental results. In (lie low-disouler. high-tempera¬ 
ture: limit the energy loss rate increases with increasing / (eoi responding to iucicasing 
carrier density). In the high disordei, low temper.itmc limit the energy loss rate 
increases with dec reasin'’, /. 

Wc have investigated the rate of loss of energy from a hot two-dimensional election 
gas as a function of electron temperature for systems with vat ying degrees of disorder. 
It is found that the energy relaxation time i, vaties with electron lemperatute as 7, J in 
the low-disorder, hiph-lcinper at me limit.'1 hisie-nill is in agi cement with the them elieal 
result for scattering, between jihme wave election states via acoustic phonons. In the 



Loiter to the Lo'itor 


L299 


bij’.li-ili'.ojih-r, 1:>i'inc limii r, i found to v;iiv ,-s 7 3 , which is in ameement 
with a calcul.Kmu iisine ll.t Kavek a mi Moll model (in ll.o eh i lion sink’s in a disordered 

tu'o-i!iin”n--io(i.ii •.>. 

We Hi; ii!. l-iok- so: (A N.-vill Molt, Hi .1 11 Davies am! Di M J Kelly for useful 
distils M C ]'.:)•».• ami I’ A I ael.mmledjw SI.RC Research Studentships. 
1 atm c mem ’in Mauls wore|.eifoii n-dat iheSKRCKciherfordl.uhoraloty; 

we thank 1 h Si j I to.*-! :m.! I it (i id: tli.-ii lu*!j» and mi. ire. This work was 

supported 1 ‘ ! .Kv a.iul in p u 1>\ die Tuioju-an Reseaieh Oiiice of the US Army. 


ees 


At, 


i )t ! 

Am.’ ■ . 

* C • ; 

i:.l I..’ :...l 

■ vr. ! . 

; d I'.-i v . 

State Cooitti't-i. 

. y> o) 9 


Ala! 


i in.. 

Ai : u , 

A (i 

In I’ 

\ 1 / ! 

/V ie 1: - . 

/ • v ; i y.s 



A:.. 1 . 

r 

r, I' V. 

. A't:* 1 . ■ 

a 

: j’ V:.. 

! I i 0 

... t\’ ri 

■ x. IS r. l et:. 

71 x 


IRA 

i 

». 1 , i 

■.:! DC:.; 

dc i > •.. 

i. - r r i' 

i /’,.’ 

•o./•:, : / 




Dm! 

> Is 

: A. \ . 

ii,;: y. 

w l\. 

i-. ’ M l-' A 

1 J Vi 

CS. . 

v;,\s. it i ■ 

u 


D »!.. 

II Cl 

.1 1 

< J 1 ... i: !: 

D l> 

1 °. ’ iiws 

V, 

/■•• td ■■*.’ i 




Dyi . 

•*. Is 

e a 

■1 v . '■ S . 

i. 1 i.' 







I 

s. :■ 

c. |! ! 

' an7. /”: 

N . 

\ . 

'l j J 






us j 

. 1 

itil.i’i A 1 

i ;.i\! 

Kl.’.i.'l'i’.i: 

. I> 

!’<: ‘ijriv 

/.v; do 



K.nr 

Is .\i 

r 

'•a-:; N 1 

1 ‘ A: 

i. c 

SC/ 

/V.a 

It I D7 



lu.vv 

!■• N! 

, l Ten M .1,1’. 

TVi.'s 1 

t .: :u 1 ’’. 

IV ' 1 • 

)>vi./. 1 , 

Solid State 

I'im. It 1 

.113 

Km’. 

u-u. 

l.iYi 

! i; 

I • S ) 1 

.'. d 7. /'/. Vi 

. .V.*;. 

Jt-j't’i. ■'/; ( ■ 

r) 



I'TI-: 

mi 4 

\ II !’ 

/V..7. . 

M.ir. 

■a:. i id ; 






S’ (Mil 

Y 

, N:.k 

.•»i*,i !:4 . K. 

I’U'.l 

alii M ,:i:.i 

it’ 

.. M 1‘Ja.V. 

Vim. Sot . Jstjiaii M 1:'>7 


TS'./: 

il.i ‘ 

1 ' 1 i 

: .S .n.tS.- 

\V Co 

Kr.to,. .Vs 

Rid 





I’ll u 


1 

. s !’. A, K 


M IV i 

V- i M 

I'cl.i.i. Vi 

;v.>. C: Solis! Sun,- 

Visys. It I 

3 <J5 


1 'ISIb J 

. /'.vo. C : 

•.Wr. 

! Stale /7/y 

... I t 5 

m 




1 III-11 

M, 

Davi. 

'<■ K A 

d lYp 

ivrM I'Jd 

’17. Vhys. C: SoHh 

/ Sic.:,' Viivs. Id I.9S5 


y.i 

i; f 

i- 

M I'J'i 

I'tittci 

/. .1’ Of tils’ HsCOS S, 

of So 

/ids ( 0 <fiil- r 

ii.'jv; C'l/ 1’7 [» 2 U.s 









H»>m .* ! I Vi; } I ! - V. \ P» • ij (. >'* i. / 
Noitll l In’? -.1 I I 1 . ' 


i.'j'.s or iii::- v.io;\u 1 v, i.cii \i im: a:. 1 ? cn:::;' aww:* - 
o:v) i.i.ay■ u i:: i v-*i c... *.• nr K 

D.A. M. >V|.|..-r ,: * II.V. 

i») Cnv-.Mni I sh 1 .•!•■ .1 at t<i v, l‘n I v«i « : v * ! ( i ! i id,;. t l.u-.l 

1.) (.!».• .? ! i ; li I. ■)■»].,: ij v , l'njv-i:.i*\ <! (.chi id; • C . t .. •» . 1 

riot tiii r. w; •«:!/, r .m : i - i i-- *.ht-..:i<, \ i,-v, i i. : . ...:, 

<:) 1>. p.i! ! !. t <> t ! isy: i . s t I' i j t' • ,. • . • l ; ) < . r.;i ! v , 1!. I l : . 

l.V pi . : « lit IH *.* ft ;.i J t ?: 1 <1 t hr f I .I» • i t ion i \ . . . t (! .. ( '7 < . . . ! I. >it f O ■' 

('fu.il: •.• 1 i on in ( •. A . Id'. J'.y ; l y >).., a i:.*o in -1 i. I i < 1 '• , h, it i ■ j • • * i M «• to o' ■ i v> 

Z !.;• t s’ 1 i ! or t 1 .on. i l i on . ,.t 1 < I el ipo i .. • i: i . .. \ - . (.. ) s . ■ i. :: c f \ . 1 . i 

t ii-.i .!! 1 v ■ h let r. :•**..* t l i • 1 o !:••!■ M ! « * . ■ ’ ’ i i ! .. i ! ( 1 ) « !:i i : ' i t*. of l e 

do’a.-i v. ■ \ * s’»s >. tii -. at I ■ i ;•!< I'- 1- . .;l i ? icy M.iic, ..i tl. I « r. I . 1 ; . IV.-. :e*. : 

h.n, I I :i i v.i: .red o.-.i '* d, c.. h s «! ); ;n;,! i.. ». : a: • l.ir. ... *.. ? ..t.J 1.? Y % : l... 

i mi 11 : l> • i n. ;n ;. .: »:. f. ; • l * • ? v a.;:. 1 v.*i t ii i n i j... 1 t !.. * • 1 . i ; J o; a 1 i ..it j »-n j ?. . ' > 

\U' ;i! •.. • |.; . M-ut in.- I..IS. 1«-r, ii':;:; J\»; I!: • .i 1 •>. • t i ! ’ .»! in w.. !. * ; ■ 

V-1 f 1 i* '• i. . i-’ifi i v. ii I (•.*.: I : i t? In« h : 4 «-i . ii.n . . *J i .«* ?. t t: i. 

tl- t- .«• i l I .r i i •. i.l.i'i-.l In ti..- i-uniity t:. r t \ t i i n.vji in i ■ > \ . 

r.i .• i i . t'.. \ . I ! i -«. 


11 :t volt..,. \\ , V 
^ .. t v oi m : ! i . : < r. * ; 

vi-.'ti! t*i t i ■ tin 

K.-r. i,! I v « \ i ’. . .n ii i ■ 


l i.«’ to t!:. f !i.-l i l.y 
l;. . f .« f .An 11 I 11:c 

.-•( 1 j «. t t . 

: . i .1 t !> it t : 

in i t . i i.-;t J'lf. 


'i!» I . 

fI l i: » « • 1 . i i .(..!•• t t 1 . , 1)1). 

li.v j- It* i ■. I ; l . v i i ■ J ' -.it. Joi (■ 

ii i, .« .is. : ;l : ' *-r :< 

f» . I<> • . . : • 1 .. : • . t nonltr. !. r 

: v ■ •>.'* . i ■* . i- • I| I n 

l-v It l .in- t I; : ii . V l ! i < . t . 

In )'j'| . I t ’ i : 1.!. 

Al. } n • ! t t. . . in ! . ii.I Hi; . 

iv t, % : I,, i- t ! . • n i ; v of t !u 

)• tv * . ' ! i . * f - . i .! st t* ?..:!•!».its ! . ; > /.v. 

I i. t » 1 ti l i i ; j . l * (' islic ; n 

.-ilof* i l 1 * t I- « , fi’-nr.l joints \*!»irh r.m l-v 
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cl i f 1 cr» ;»rr ;:s 1.;, !■■»«.;.♦ ]«- i . luti-i t ira 

t'Mi'i ij". ■ M) it. ills ! Vs! ;.ici con- 
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(r.Mit , t . i., I v ). 
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by IVp; • v . ( ... t \ !.-ih !'i V* and i ti 

hi itiv.i s ic 1 .*» • s (I t , . « i « ! a 1 . , f 9 i ; 1\ pper 
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(ItJ-l. l a; •! tie .-i l t !. al ( 1 CJ invert j* 

{'..it ion*, which indicate th- t >*. i st cine of a 
nobility cri ',1 jr. a s*?«..:i.- i ip.ss.-t io field. Vv 
have i nv* !-t l j'.i S <d l'.. * rel.»l ion between the 
foir.itjoa of tli»• plat* nu and the electron local- 
ixttion n-lvpe inversion layer?' f r> *: :• c! on 

the (IPO) silicon surface. 'I lie s.u.ip J ex used 
v.vic M*)f> Hall <h:vie«r. hivin,. a * # iPO .a-* lonp, and 
fiO un v )" 'li* cImi-i***! end two pairs of Kali probes 
located C' C( ti i d i s t ant 1 . alone t li-.* channel, 

Meastii c ment s vi-ie a.« . i.tv.l leiv perfotn. .1 cm the 
plateau appeal i np in tin spin pap and in the 
lowest valley p.ap of the ground landau level. 

Kipuro 1 clearly i llm-.n at vs the crucial role of 
CXt 'Mul oil Mates be lev; f.|.. Wln-u both the lowest 
Spin, )ow*r .iiul hi{;lt'i valley, levels are 
localized, i.e. o x>; throughout the Kvels 
decreases with deci e.isi np t et iperat urt , (lie* 
plateau is not ferried. Here the condition*, for 
0.01 i A are such th .» the low«M*t two level*, arc 
localized, It i r.een that i nr rear, i np, the 
election t <M’.pe r a l life, hy incronsinp, the current, 
lesults in tin* appearanee of the plateau in the 
spin j.ap indii.it inp. ton. it ion of extended states 
below Hj . For the exp*lii>uta] c otiil i l i om* l lie 
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